We investigated the effect of casticin on apoptosis induced by tumor necrosis factor (TNF)-related apoptosisinducing ligand (TRAIL). We found that casticin potentiated TRAIL-induced apoptosis in human colon cancer cells. Casticin downregulated cell survival proteins including Bcl-xL, Bcl-2, survivin, XIAP and cFLIP, and induced death receptor 5 (DR5), but had no effect on DR4 and decoy receptors (DcR1 or DcR2). Deletion of DR5 by siRNA significantly reduced the apoptosis induced by TRAIL and casticin. In addition, casticin induced reactive oxygen species (ROS) generation in a dose-dependent manner. Collectively, the present study showed that casticin potentiates TRAIL-induced apoptosis through downregulation of cell survival proteins and induction of DR5 mediated by ROS.
Introduction
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a member of the TNF superfamily, and has a strong antitumor activity in a wide range of cancer cell types with minimal cytotoxity to most normal cells and tissues (1) . TRAIL induces cell apoptosis by interacting with cell-surface receptors, five of which have been discovered thus far, including the two agonistic receptors, death receptor (DR)4 and DR5, and the three antagonistic decoy receptors, DcR1, DcR2 and osteoprotegerin (2, 3) . DR4 and DR5 contain a cytoplasmic region designated as the 'death domain' (DD), and, following ligation of TRAIL, they recruit and activate an adaptor protein known as Fas-associated death domain (FADD) through interactions between the DD on them and FADD. FADD, in turn, recruits and activates caspase-8 via its death effector domain (DED), leading to the formation of the death-inducing signaling complex (DISC). Activation of caspase-8 subsequently initiates proteolytic activation of downstream effector caspases such as caspase-3, -6 and -7 and finally induces apoptosis. Alternatively, caspase-8 can also trigger a mitochondria-dependent apoptotic amplification loop by activating Bid, which induces the release of cytochrome c from mitochondria, the activation of caspase-9, caspase-3, caspase-7 and finally apoptosis (4) . Recent studies have shown that a number of cancer cells are resistant to apoptosis induction by TRAIL (5) . The mechanisms involved in TRAIL resistance include the loss of DR4 or DR5, upregulation of decoy receptors, alternations in expression of proteins that affect caspase activation (inactivation of pro-apoptotic molecules: Bax, Bak, Bad, Bim or Bid; overexpression of anti-apoptotic molecules: survivin, cFLIP, FAP-1, Bcl-2, Bcl-xL) (5-7). However, TRAIL-resistant cancer cells can be sensitized by combined treatment with chemotherapeutic drugs and TRAIL (8) (9) (10) (11) , suggesting that TRAIL resistance may be overcome by combination treatment, which may be a promising novel approach in cancer therapy.
Casticin, a flavonoid isolated from Vitex rotundifolia, is widely used as an anti-inflammatory agent in Chinese traditional medicine. Recent studies have shown that casticin has a wide range of actions, including anti-oxidant, anti-inflammatory, immunomodulatory, pro-apoptotic and anti-proliferative properties, and has antitumor activity in a variety of cancers, including breast, lung and colon cancer and leukemia (12) (13) (14) (15) (16) (17) (18) . Yang et al recently reported that casticin induces apoptosis of hepatocellular carcinoma cells and the mechanisms involve depletion of intracellular glutathione content and upregulation of DR5 (19) . In the present study, we investigated whether casticin can potentiate TRAIL-induced apoptosis and its mechanisms. We found that casticin can indeed enhance TRAIL-induced apoptosis through downregulation of cell survival proteins and upregulation of DR5 mediated by reactive oxygen species (ROS).
Materials and methods

Drugs and reagents.
Casticin was purchased from Chengdu Biopurify Phytochemicals Ltd., (Chengdu, China), and was prepared in dimethylsulfoxide (DMSO) at a concentration of 10 mmol/l and aliquots were stored at -80˚C. Soluble recombinant human TRAIL was purchased from PeproTech (Rocky Hill, NJ, USA). DMEM medium and fetal bovine serum (FBS) were obtained from Invitrogen; Tris, glycine, NaCl, SDS, bovine serum albumin, N-acetylcysteine, fluorouracil (5-FU), paclitaxel (TAX), and antibodies against TRAF1 and β-actin were from Sigma. 2',7'-dichlorofluorescein diacetate (DCFH-DA) was purchased from Molecular Probes Inc.; antibody against DR5 from ProSci Inc.; anti-XIAP antibody from Cell Signaling Technology (Danvers, MA, USA). Antibodies against DR4, poly(ADP-ribose) polymerase (PARP), Bcl-2, Bcl-xL, Bax, Bid, survivin and caspase-3 were obtained from Santa Cruz Biotechnology.
Cell lines. Human colon cancer HT-29, HCT-116, SW480 cell lines were purchased from the American Type Culture Collection. Cells were cultured in DMEM with 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin.
MTT assay. Cells were seeded in a 96-well plate at a density of 0.5x10 4 cells/well and incubated for 24 h, followed by treatment with various concentrations of casticin and TRAIL alone or in combination for 24 h. 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) colorimetric analysis was performed as described by Cao et al (20) . The IC 50 value, at which 50% of the cell growth inhibition compared with DMSO control, was calculated by nonlinear regression analysis using GraphPad Prism software (San Diego, CA, USA).
Apoptosis detection by morphological observation following AO/EB staining. Cells were treated with various concentrations of casticin and TRAIL alone or in combination for 24 h, and then harvested with 0.25% trypsin and resuspended in DMEM medium. After staining for 10 min with 4 ml of an AO (100 mg/ml)/EB (100 mg/ml) dye mixture, cells were visualized immediately under a fluorescence microscope. Specific apoptotic cell death was calculated as (percentage of experimental apoptosis -percentage of spontaneous apoptosis)/(100 -percentage of spontaneous apoptosis) x 100.
Flow cytometry using propidium iodide (PI) staining. Cells were seeded at a density of 4x10 6 cells/ml in 100 ml culture flasks for 24 h and then treated with the medium containing various concentrations of casticin or TRAIL or both for the indicated times. PI staining for DNA content analysis was performed as described by Yang et al (21) .
Analysis of cell-surface expressions of DR4 and DR5. Cells were treated with 3 µmol/l casticin for 24 h, and then stained with phycoerythrin-conjugated mouse anti-human DR4 or DR5 monoclonal antibody (R&D Systems) for 45 min at 4˚C according to the manufacturer's instructions. The cells were then resuspended and analyzed by flow cytometry with phycoerythrin-conjugated mouse IgG2B as an isotype control.
Determination of ROS. Intracellular ROS accumulation was measured by flow cytometry using the fluorescent probe DCFH-DA. Cells were incubated with 10 µmol/l of DCFH-DA for 30 min at 37˚C in the dark. Following incubation, the cells were washed with PBS and analyzed within 30 min using FACScan (Becton-Dickinson, San Jose, CA, USA) equipped with an air-cooled argon laser tuned to 488 nm. The specific fluorescence signals corresponding to DCFH-DA were collected with a 525-nm band pass filter. As a rule, 10 4 cells were counted in each determination.
Western blot analysis. Total cell extracts were obtained as described by Yang et al (21) . Cell lysate containing 50 µg of protein was separated on 7.5-12% SDS-polyacrylamide gel for electrophoresis and then electro-transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA), blotted with each antibody and detected using an ECL kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Transfection with siRNA. The 25-nucleotide small interfering RNA (siRNA) duplexes used in this study were purchased from Invitrogen and had the following sequences: DR5, AUC AGC AUC GUG UAC AAG GUG UCC C; the scrambled control, AAG ACC CGC GCC GAG GUG AAG. HT-29 cells were plated in each well of 6-well plates and allowed to adhere for 24 h. On the day of transfection, 12 µl of Lipofectamine 2000 (Invitrogen) was added to 50 nmol/l siRNA in a final volume of 100 µl of culture medium. After 48 h of transfection, cells were treated with casticin for 12 h and then exposed to TRAIL for 24 h.
Statistical analysis.
Data are presented as the means ± standard deviation (SD) unless otherwise indicated. Differences between groups were analyzed using one-way analysis of variance (ANOVA) or t-test when appropriate. All the statistical analyses were performed with the SPSS 15.0 software package (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate statistically significant differences.
Results
Casticin enhances TRAIL-induced apoptosis in HT-29 cells.
The cytotoxicity of TRAIL or casticin in HT-29 cells was determined by MTT assay. TRAIL or casticin alone inhibited the proliferation of HT-29 cells in a concentration-dependent manner, and their IC 50 values were 19.9 µmol/l and 318 ng/ml, respectively. Only a slight cytotoxic activity was observed when the cells were treated with TRAIL at 25-50 ng/ml or casticin at 1.0-3.0 µmol/l for 24 h. However, combined treatment with TRAIL and casticin at the above subtoxic concentrations resulted in marked cytotoxicity compared with TRAIL or casticin alone, suggesting that casticin enhances TRAIL-induced cytotoxicity in HT-29 cells.
Apoptosis was determined by morphological observation and flow cytometric analysis. Our observation using AO/EB staining showed that casticin (1 and 3 µmol/l) or TRAIL (50 ng/ml) alone induced ~10% apoptosis in HT-29 cell. However, the combination treatment with casticin and TRAIL enhanced apoptosis to 52.9±6.9% (Fig. 1A) . Flow cytometric analysis also showed that casticin potentiated TRAIL-induced apoptosis, from 6.1±3.7 and 5.38±3.3% with casticin (3 µmol/l) and TRAIL (50 ng/ml) alone, respectively, to 53.8±6.9% when used in combination (Fig. 1B) .
Next, we examined the effect of casticin, TRAIL and their combination on the activation of caspase-3 and PARP cleavage, and found that casticin or TRAIL alone had little effect on the activation of caspase-3 and PARP cleavage, but the combined treatment was highly effective (Fig. 1C and D) , which further demonstrates that casticin enhances TRAILinduced apoptosis.
Casticin downregulates the expression of cell survival proteins in HT-29 cells.
Numerous anti-apoptotic proteins are involved in resistance to TRAIL-induced apoptosis (22) (23) (24) (25) . The effect of casticin on the expressions of these anti-apoptotic proteins was examined. HT-29 cells were exposed to different concentrations of casticin for 24 h, and the expressions of Bcl-xL, Bcl-2, survivin, XIAP, cFLIP, cIAP-1 and TRAF1 were analyzed by western blotting. Casticin inhibited the expressions of Bcl-xL, Bcl-2, survivin, XIAP, cFLIP, but had no effect on the expressions of cIAP-1 and TRAF1 (Fig. 2A) .
In addition, the effect of casticin on the expressions of proapoptotic proteins was also examined. Casticin upregulated the expression of Bax and caused the cleavage of Bid protein in a dose-dependent manner (Fig. 2B) . The above results suggest that downregulation of anti-apoptotic proteins and upregulation of pro-apoptotic proteins may be the mechanism by which casticin potentiates TRAIL-induced apoptosis.
Casticin induces the expression of DR5 in colon cancer cells.
The effect of casticin on the expressions of TRAIL receptors was examined with western blotting or flow cytometry. Casticin increased the expression of DR5, but had no effect on the expressions of DR4, DcR1 and DcR2 in HT-29 cells. Furthermore, casticin increased the expression of DR5 in a dose-and time-dependent manner (Fig. 3A-C) .
To investigate whether the upregulation of DR5 by casticin was specific to HCT-116 or whether it also occurs in other cell types, we examined the expression of DR5 in SW480 and HCT-116 after treatment with casticin. Casticin induced the expression of DR5 in both cell types (Fig. 3D ).
DR5 induction is required for the enhancement of TRAILinduced apoptosis by casticin in HT-29 cells.
To determine the role of DR5 in TRAIL-induced apoptosis, we used siRNA specific to DR5 to downregulate its expression in HT-29 cells. Transfection of cells with siRNA for DR5 but not with the control siRNA reduced casticin-induced DR5 expression. DR5 siRNA had a minimal effect on the expression of DR4 (Fig. 4A) .
Subsequently, the effect of DR5 siRNA on the enhancement of TRAIL-induced apoptosis by casticin was examined using morphological observation following AO/EB staining. Our results showed that the effect of casticin on TRAIL-induced apoptosis was effectively abolished in cells transfected with DR5 siRNA, but treatment with control siRNA had no effect (Fig. 4B) . These facts suggest that DR5 plays a critical role in the enhancement of TRAIL-induced apoptosis by casticin. 
DR5 induction and enhancement of TRAIL-induced apoptosis by casticin are ROS-dependent in HT-29 cells.
Numerous studies have shown that ROS are implicated in TRAIL receptor induction (8, 26, 27) . Therefore, we investigated whether casticin mediates its effects through ROS. Intracellular ROS was measured by flow cytometry using Whole-cell extracts were subjected to western blotting for DR5. β-actin was used as an internal control to show equal loading of proteins. (E) Cells were pretreated with N-acetylcysteine (0 or 10 mmol/l) for 1 h and then treated with casticin (0 or 3 µmol/l) for 12 h. Thereafter, the cells were rinsed with PBS and treated with TRAIL (50 ng/ml) or not for 24 h. Apoptosis was determined using morphological observation after AO/EB staining. the fluorescent probe DCFH-DA, and the results showed that casticin induced ROS generation in a dose-dependent manner ( Fig. 5A and B) . Furthermore, ROS levels increased initially at 0.5 h, reached the peak at 3 h and persisted for up to 24 h after treatment with 3.0 µM casticin (Fig. 5C) . Next, the effect of ROS on casticin-induced DR5 was examined. We found that pretreatment of cells with N-acetylcysteine reduced the casticin-induced upregulation of DR5 expression (Fig. 5D ).
In addition, we investigated the effect of ROS on the potentiation of TRAIL-induced apoptosis by casticin. As shown in Fig. 5E , pretreatment with N-acetylcysteine markedly reduced the enhancement of TRAIL-induced apoptosis by casticin in HT-29 cells from 54.2±8.4 to 18.7±5.3%. The above findings suggest that ROS play a critical role in mediating the effects of casticin on DR5 expression and TRAIL-induced apoptosis.
Discussion
TRAIL is a potential anticancer agent that can selectively induce apoptosis in a wide variety of cancer cells (1) . However, resistance of cancer cells to TRAIL-induced apoptosis limits its therapeutic application. Recent studies have shown that several chemotherapeutic drugs, i.e., curcumin, garcinol, gossypol, kaempferol, can modulate TRAIL-induced apoptosis in cancer cells (8) (9) (10) (11) , suggesting that TRAIL resistance can be overcome by combination treatment, which may be a new strategy for cancer therapy. Casticin, a flavonoid isolated from Vitex rotundifolia, has been demonstrated to have antitumor activities (i.e., inhibition of proliferation, induction of apoptosis) against breast, lung, liver and colon cancer, and leukemia (15) (16) (17) 20) . In the present study, we found that casticin enhances TRAIL-induced apoptosis in colon cancer cells, and the mechanisms involve downregulation of cell survival proteins and upregulation of DR5. Bcl-2 family proteins are central regulators of apoptosis and act primarily on the mitochondria. On the basis of the structural and functional characteristics, they are divided into anti-apoptotic and pro-apoptotic proteins. The former have 4 Bcl-2 homology domains (BH1, -2, -3 and -4) and include Bcl-2, Bcl-xL, Mcl-1, Bcl-w and A1/Bfl-1 and the latter include Bax, Bak, and Box that contain 3 BH domains (BH1, -2 and -3) and Bid, Bim and Bad that contain only the BH3 domain (28) . Several studies have shown that Bcl-2 and Bcl-xL are involved in TRAIL resistance in tumor cells (22, 23) . In the present study, we found that casticin inhibits the expressions of Bcl-xL and Bcl-2; furthermore, casticin upregulates the expression of Bax and causes the cleavage of Bid protein in a dose-dependent manner, which may be one of its mechanisms of potentiation of TRAIL-induced apoptosis.
Inhibitors of apoptosis (IAPs) are a family of anti-apoptotic proteins that bind and inhibit caspases-3, -7 and -9, but not caspase-8, thereby inhibiting their activation and preventing apoptosis. Eight IAPs have been identified thus far, including survivin, X-chromosome-linked IAP (XIAP), cellular IAP1 (c-IAP1), and c-IAP2 (29) . Survivin and XIAP have also been shown to be associated with tumor cell resistance to TRAIL. Azuhata et al reported that survivin can inhibit apoptosis induced by TRAIL, and that inhibiting survivin expression by antisense oligonucleotides enhances TRAIL sensitivity in human NB cells (24) . Overexpression of XIAP is shown to confer resistance against TRAIL in cancer cells (22) . Furthermore, Siegelin et al have shown that the XIAP inhibitor Embelin enhances TRAIL-mediated apoptosis in malignant glioma cells, and its mechanism involves downregulation of the short isoform of FLIP (25) . FLICE (FADD-like IL-1β-converting enzyme) inhibitory protein (FLIP) is a critical anti-apoptotic regulator that inhibits TNF-α, Fas-L and TRAIL-induced apoptosis as well as chemotherapy-triggered apoptosis in malignant cells. Three isoforms of human cytosolic FLIP (c-FLIP) have been identified, long (c-FLIPL), short (c-FLIPS) and c-FLIPR. c-FLIP binds to FADD and/ or caspase-8 or -10 in a ligand-dependent and-independent fashion, thereby preventing the activation of procaspase-8 (30) . In the present study, we found that casticin inhibits the expressions of survivin, XIAP and cFLIP, but has no effect on the expressions of cIAP-1 and TRAF1 [tumor necrosis factor receptor-associated factor 1, thought to be a regulator of cell death and cellular responses to stress (31) ]. Inhibition of survivin, XIAP and cFLIP may also be one of the mechanisms of potentiation of TRAIL-induced apoptosis by casticin.
Disregulation of TRAIL receptors is involved in TRAIL resistance in tumor cells (6, 7) . Five TRAIL receptors have been discovered so far, including DR4, DR5, DcR1, DcR2 and osteoprotegerin. DR4 and DR5 contain a cytoplasmic region designated 'death domain' (DD) that transduces the death signal. However, DcR1 and DcR2 lack a functional death domain and cannot transduce a pro-apoptotic signal; instead, they compete with DR4 and DR5 for TRAIL binding, and inhibit DR4-and DR5-mediated apoptosis by TRAIL (2, 3) . In the present study, we found that casticin increases the expression of DR5 in a dose-and time-dependent manner, but it has no effect on the expressions of DR4, DcR1 and DcR2 in colon cancer cells. Consistent with our study, casticin has been shown to upregulate DR5 in hepatocellular carcinoma cells (18) . In addition, we found that DR5 upregulation is critical for the enhancement of TRAIL-induced apoptosis by casticin, which is evidenced by the fact that gene silencing of DR5 abolished the effect of casticin on TRAIL-induced apoptosis.
Reactive oxygen species (ROS) are chemically reactive molecules containing oxygen, including oxygen ions (O 2 • ), hydrogen peroxide (H 2 O 2 ), and play an important role in a variety of physiological and pathological processes. Kwon et al showed that H 2 O 2 can upregulate the expression of DR5, thereby enhancing TRAIL-induced cell death in human astrocytic cells (26) . There are several chemotherapeutic agents that induce DR5 through ROS dependent pathways and sensitize TRAIL induced-apoptosis, including curcumin, zerumbone, sulforaphane (8, 26, 32) , demonstrating that ROS play a major role in the modulation of DR5. In the present study, we found that casticin induces ROS generation in a dose-dependent manner in colon cancer cells, which, however, is in contrast to another report that casticin has no effect on intracellular ROS in hepatocellular carcinoma cells (18) . The explanation for this discrepancy may be due to different cell types. Similar to those previous studies, our study also showed that ROS play a critical role in mediating the effects of casticin on DR5 expression and TRAIL-induced apoptosis, as evidenced by the fact that quenching of ROS by N-acetylcysteine abolished the above effects.
In summary, the present study demonstrated that casticin can enhance TRAIL-induced apoptosis through downregulation of cell survival proteins (Bcl-xL, Bcl-2, survivin, XIAP and cFLIP) and induction of DR5 mediated by ROS. Casticin is a potential chemotherapeutic agent that can overcome TRAIL resistance when used in combination with TRAIL; therefore, further studies are warranted, particularly in clinical trials.
